It is well established that heat stress (HS) negatively affects growth rate in swine. Although reduced feed intake undoubtedly plays a significant role in this reduction, studies in laboratory animals and other nonswine species indicate muscle growth also is affected by HS-related alterations in muscle physiology. Evidence is now emerging that heat shock proteins (Hsp), produced in response to HS and other types of cellular stress, may play an important role in regulating the rate and efficiency of muscle growth. Because muscle satellite cells play a crucial role in postnatal muscle growth, the effects of HS on rates of satellite cell proliferation, protein synthesis, and protein degradation play an important role in determining the rate and extent of muscle growth. Consequently, in the current study we have examined the effects of mild HS (40.5°C for 48 h) on the rates of proliferation, protein synthesis, and protein degradation and on quantities of Hsp90, Hsp70, and Hsp25/27 mRNA and protein in cultured porcine muscle satellite cells (PSC). Mild HS of PSC cultures resulted in 2.5-, 1.4-, and 6.5-fold increases (P < 0.05) in the abundance of Hsp90, Hsp70, and Hsp25/27 mRNA, respectively, relative to control cultures. Abundance of Hsp 90, 70, and 25/27 proteins was also increased in HS PSC cultures compared with those in control cultures. Proliferation rates in HS PSC cultures were 35% less (P < 0.05) than those in control cultures. Protein synthesis rates in HS-fused PSC cultures were 85% greater (P < 0.05) than those in control cultures, and protein degradation rates in HS-fused PSC were 23% less (P < 0.05) than those in control cultures. In light of the crucial role satellite cells play in postnatal muscle growth, the HS-induced changes we have observed in rates of proliferation, protein turnover, and abundance of Hsp mRNA and Hsp protein in PSC cultures indicate that mild HS affects the physiology of PSC in ways that could affect muscle growth in swine.
INTRODUCTION
It is well established that heat stress (HS) negatively affects growth rate in swine (McGlone et al., 1987) . Although reduced feed intake undoubtedly plays a significant role in this reduction, studies in nonswine species indicate muscle growth also is affected by HS-related alterations in muscle physiology (Halevy et al., 2001; Frier and Locke, 2007) . Because muscle satellite cells provide nuclei needed to support postnatal growth of muscle fibers, they are crucial in determining the rate and extent of postnatal muscle growth. Consequently, the effects of HS on rates of satellite cell proliferation, protein synthesis, and protein degradation could play a significant role in determining the effects of HS on muscle physiology and postnatal muscle growth.
Evidence is emerging that heat shock proteins (Hsp), produced in response to HS and other types of cell stress, may play an important role in regulating the rate and efficiency of muscle growth. Heat shock proteins are classified into general groups based on their molecular weight (Noble et al., 2008) . The Hsp70 family of proteins is highly conserved in all organisms. Heat shock protein 70 helps cells respond to stress, and its expression is induced by various cellular stresses, including HS. Heat shock protein 90, found in both the cytoplasm and the nucleus, is one of the most abundant proteins in mammalian cells. Mammalian cells also contain several small Hsp, including Hsp25/27. (Hsp25 is found in murine cells, whereas its homolog, Hsp27, is found in human cells.) Numerous in vivo and in vitro studies in nonswine species have indicated that HS affects muscle physiology (Halevy et al., 2001; Frier and Locke, 2007) ; however, little or no information is available on the effects of HS on muscle physiology in growing swine. Consequently, we have examined the effect of HS on rates of proliferation, protein synthesis, and protein degradation and on expression of Hsp90, Hsp70, and Hsp25/27 mRNA and protein in porcine satellite cell (PSC) cultures.
MATERIALS AND METHODS
All experimental procedures involving animals were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Isolation of PSC
Satellite cell isolation was done using procedures developed in our laboratory (Hathaway et al., 1991 (Hathaway et al., , 1994 Frey et al., 1995; Johnson et al., 1998; Yi et al., 2001; Kamanga-Sollo et al., 2004) . Growing pigs (crossbred barrows castrated within 1 wk of birth and weighing approximately 16 kg) were slaughtered by captive bolt followed by exsanguination. The semimembranosus muscle was dissected using sterile techniques and transported to the cell culture laboratory. Subsequent procedures were conducted in a sterile field under a tissue culture hood. After removal of the connective tissue, the muscle was passed through a sterile meat grinder. The ground muscle was incubated with 0.1% pronase in Earl's balanced salt solution for 1 h at 37°C with frequent mixing. After incubation, the mixture was centrifuged at 1,500 × g for 4 min at 25°C, the pellet was suspended in PBS (140 mM NaCl, 1 mM KH 2 PO 4 , 3 mM KCl, 8 mM Na 2 HPO 4 , pH 7.4), and the suspension was centrifuged at 500 × g for 10 min at 25°C. The resultant supernatant was centrifuged at 1,500 × g for 10 min at 25°C to pellet the mononucleated cells. The PBS wash and differential centrifugation were repeated 2 more times. The resulting mononucleated cell preparation was suspended in cold (4°C) Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 10% (vol/vol) dimethylsulfoxide and frozen. Cells were stored frozen in liquid nitrogen for use in future studies. Clonal analyses of satellite cell cultures established using these procedures showed that between 80 and 90% of the cells were able to establish colonies that contained fusion, indicating that between 80 and 90% of the cells in the preparations were myogenic (Hathaway et al., 1991) .
PSC Culture
The PSC preparations isolated using procedures developed in our laboratory (Johnson et al., 1998) and described above were plated on culture dishes precoated with reduced growth factor basement membrane Matrigel (Becton Dickinson, Franklin Lakes, NJ) diluted 1:10 (vol/vol) with DMEM. Satellite cells were plated at a density of 0.25 g of muscle tissue/cm 2 , which we have shown yields cultures that are approximately 50% confluent at 96 h in culture. This ensured that cell proliferation rate, determined by measuring 3 H-thymidine incorporation rate at 96 h, was not affected by contact inhibition. Cells were plated in DMEM containing 10% FBS and incubated at 37°C, 5% CO 2 in a water-saturated environment. At 48 h, cultures were used as described below to measure the effects of HS on proliferation, protein turnover, or specific mRNA abundance.
Imposition of HS on PSC Cultures
The PSC cultures were heat stressed by subjecting them to a temperature of 40.5°C for 48 h. Given that the core body temperature of a pig is approximately 39.3 to 39.6°C, this represents approximately a 1°C temperature increase above core body temperature and is within the range of rectal temperature observed in studies of pigs subjected to HS (Stombaugh et al., 1973; Huynh et al., 2005; Liu et al., 2009; Yu et al., 2010) .
H-Thymidine Incorporation
Incorporation of 3 H-thymidine was measured as described previously (Johnson et al., 1998; KamangaSollo et al., 2004 KamangaSollo et al., , 2008 . The PSC cultures were established from frozen stocks in 2-cm 2 wells precoated with reduced growth factor basement membrane Matrigel diluted 1:10 (vol/vol) with DMEM as described above. After 48 h in culture, serum containing medium was removed, cultures were rinsed 3× with DMEM and fed with DMEM plus 1% IGFBP-3-free swine serum [SSS; prepared by passing sera obtained from 6-wkold male pigs castrated within 1 wk of birth through an IGFBP-3 immunoaffinity column ] plus 25 ng of LR3-IGF-1/mL (an IGF-1 analog that binds normally to the type-I IGF-I receptor but has little or no affinity for IGFBP), and the incubator temperature was increased to 40.5°C for cultures subjected to HS. Parallel control cultures were maintained at 37.5°C. At 96 h in culture, 3 H-thymidine was added to culture media (1 mCi/mL final concentration) and allowed to incubate for 3 h. Cells were rinsed with cold serum-free DMEM, fixed with 1 mL of cold 5% trichloroacetic acid (TCA), and allowed to incubate overnight at 4°C. Unincorporated 3 H-thymidine was removed by aspirating the cold 5% TCA and rinsing wells with additional cold 5% TCA.
3 H-Thymidine incorporation into cellular DNA was measured by dissolving cell material in 0.5 M NaOH and counting it in a scintillation counter. All experiments contained triplicate determinations.
Protein Synthesis Rate
Protein synthesis in fused PSC cultures was measured by procedures used routinely in our laboratory (Kamanga-Sollo et al., 2010) . At 48 h, cultures established from frozen stocks, as described above, were fed with DMEM containing 10% FBS. At 96 h, cultures were fed with a fusion-promoting medium that consisted of DMEM with 3% IGFBP-3-free SSS ) and 1.5 mg of BSA-linoleic acid/ mL. At 120 h in culture, the incubator temperature was increased to 40.5°C for cultures subjected to HS, and cytosine arabinoside (final concentration 10 −6 M) was added to the media of all cultures. Parallel control cultures were maintained at 37.5°C. At 144 h in culture, fused PSC cultures (fusion percentage was typically 75 to 80%) established as described above were rinsed and treated with serum-free medium [DMEM containing 250 μg of IGFBP-3-free fetuin/mL, 100 μg of BSAlinoleic acid/mL (Sigma-Aldrich, St. Louis, MO), and 10 −9 M insulin] containing 25 ng of LR-IGF-1/mL. After 3 h of incubation, 3 μCi of 3 H-phenylalanine was added to each culture and incubation was continued for an additional 3 h. Throughout this period, cultures subjected to HS were maintained at 40.5°C and control cultures were maintained at 37.5°C. After this incubation period, the medium was removed, and cells were washed with DMEM and then incubated overnight at 4°C in 5% TCA. Cells were then washed 2 times with 5% TCA and lysed with 1 N NaOH containing 1% Triton X-100. Protein concentration was determined using a DC Protein Assay (Bio-Rad, Hercules, CA), and 3 Hphenylalanine incorporation was measured by counting an aliquot of the cell lysate in a scintillation counter. For each individual assay, protein synthesis rate was calculated as 3 H-phenylalanine incorporation per milligram of protein for each well. All experiments contained triplicate determinations.
Protein Degradation Rate
Protein degradation rate in fused PSC cultures was measured by procedures routinely used in our laboratory (Kamanga-Sollo et al., 2010) . At 48 h, cultures established from frozen stocks as described above were fed with DMEM containing 10% FBS. At 96 h, cultures were fed with a fusion-promoting medium that consisted of DMEM with 3% IGFBP-3-free SSS (Kamanga-Sollo et al., 2004) and 1.5 mg BSA-linoleic acid/ mL. At 120 h in culture, fused PSC cultures established as described above were labeled for 24 h with 3 μCi of 3 H-phenylalanine and the incubator temperature was increased to 40.5°C for cultures subjected to HS, and cytosine arabinoside (final concentration 10 −6 M) was added to the culture media of all cultures. Parallel control cultures were maintained at 37.5°C. All subsequent treatments for HS or control cultures were done at these temperatures. At 144 h, label was removed and cells were subjected to a 4-h chase in DMEM containing 1% IGFBP-3-free SSS and 2 nM cold phenylalanine. At the end of this incubation, the chase media were removed, the cells were washed, and test media consisting of DMEM containing 1% SSS and 25 ng of LR3-IGF-1/mL were added to the cultures and allowed to incubate for 24 h. At the end of this incubation period, media were quantitatively removed from the cells and replaced with cold 10% TCA. Trichloroacetic acid (20%) was added to the media to give a final concentration of 10% TCA. The TCA-insoluble material was collected by centrifugation, the pellet was washed once with 10% TCA, and the wash was combined with the soluble-media fraction. The pellet was solublized in 1 N NaOH/1% Triton X-100 by heating at 42°C for 30 min. The cells were solublized in 1 N NaOH/1% Triton X-100 by heating at 42°C for 30 min. Percentage of protein degradation was calculated as (TCA-soluble counts/total TCA-soluble and TCA-insoluble counts) × 100 in each well. All individual experiments contained triplicate determinations.
Quantitative Reverse-Transcription PCR
Porcine satellite cell cultures were established from frozen stocks as described above. At 48 h, medium was removed and cultures were fed with medium containing DMEM plus 10% FBS. Between 48 and 96 h, control cultures were maintained at 37.5°C and cultures subjected to HS were incubated at 40.5°C. At 96 h, total RNA was isolated from control PSC cultures and PSC cultures subjected to HS by using an Absolutely RNA Microprep Kit (Stratagene, La Jolla, CA). After 2 phenol-chloroform extractions of the cell lysate, RNA was isolated using the manufacturer's recommended protocol. Samples were treated with DNase while bound to the fiber matrix during isolation. Integrity of RNA was determined by electrophoresis of total RNA through a 1% agarose-formaldehyde gel to allow visualization of 28S and 18S rRNA. The RNA was then reverse-transcribed to produce the first-strand cDNA. Quantitative reverse-transcription PCR was used to measure the quantity of Hsp mRNA relative to the quantity of cyclophilin (Accession No. Y00052) mRNA in total RNA. Complementary DNA was produced from 1.0 μg of RNA by using Taq-Man Reverse Transcriptase Reagents (Applied Biosystems, Carlsbad, CA) and the protocol recommended by the manufacturer. Random hexamers were used as primers in cDNA synthesis. Measurement of the relative quantity of the cDNA of interest was carried out by using a SYBR Green PCR Master Mix (Applied Biosystems), the appropriate forward and reverse primers (300 nM; Table 1 ; Xi et al., 2007) , and 1 μL of the cDNA mixture. Assays were performed in the GeneAmp 7300 Sequence Detection System (Applied Biosystems) by using the thermal cycling parameters recommended by the manufacturer (40 cycles of 15 s at 95°C and 1 min at 60°C). Only primers that gave linear responses between −2.8 and −3.0 when titrated against increasing amounts of cDNA were used.
Western Immunoblot Studies
Western immunoblotting was done according to procedures routinely used in our laboratory Kamanga-Sollo et al., 2005) . Porcine satellite cell cultures were established from frozen stocks as described above. At 48 h, medium was removed and cultures were fed with medium containing DMEM plus 10% FBS. Between 48 and 96 h, control cultures were maintained at 37.5°C and HS cultures were incubated at 40.5°C. At 96 h, control cultures and cultures subjected to HS were lysed in lysis buffer [150 mM NaCl, 1% NP40, 0.25% deoxycholate, 50 mM Tris-HCl, pH 7.5, 1 mM ethylene glycol tetraacetic acid, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium vanadate, 1 mM sodium fluoride, and 1× protease inhibitor cocktail (Sigma)]. The samples were centrifuged to remove insoluble debris, and a DC Protein Assay (Bio-Rad Life Science) was used to determine protein concentration. An equal amount of protein from each sample was mixed with electrophoresis sample buffer (2 vol of lysate to 1 vol of sample buffer), boiled, electrophoresed on a 10% SDS polyacrylamide gel, and then electrophoretically transferred to a nitrocellulose membrane. After the transfer was complete, membranes were blocked for 1.5 h with 10 mM Tris-HCl, 150 mM NaCl, 3% BSA, pH 7.4, and then incubated with commercially available antibodies according to the procedures recommended by the suppliers of the individual antibodies [anti-Hsp90 (sc-59578), anti-Hsp70 (sc-66048), and anti-Hsp25/27 (sc-51712), Santa Cruz Biotechnology Inc., Santa Cruz, CA]. After incubation with the first antibody and extensive washing, membranes were incubated with the appropriate horseradish peroxidase-conjugated second antibody for 1 h. Proteins reacting with the first antibody were visualized with Supersignal West Pico chemiluminescent substrate (Pierce, Dallas, TX). Band densities were measured using a Storm 840 Gel and Blot Imaging System (Amersham, Piscataway, NJ). Blots were stripped and probed with antitubulin as a loading control. Controls in which membranes were incubated with only the second antibody were done in all cases to ensure primary antibody specificity.
Statistical Analysis
All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). When significant interactions were detected (P < 0.05), least squares means were separated using LSD tests. A P-value <0.05 denoted statistical significance.
RESULTS

Effect of HS on Hsp Protein and mRNA Abundance in Cultured PSC
The PSC cells were grown in culture for 48 h and then subjected to an additional 48 h of HS (40.5°C). Application of this mild HS to PSC cultures resulted in a 1.4-, 2.5-, and 6.5-fold increase in Hsp70, Hsp90, and Hsp25/27 mRNA, respectively (P < 0.05), relative to the abundance of these Hsp in cultures maintained at the control temperature (Figure 1 ). Western immunoblots probed with antibodies specific for Hsp70, Hsp90, and Hsp25/27 showed that the quantity of these proteins also was increased in PSC subjected to HS as compared with PSC maintained at the control temperature (Figure 2 ). The Hsp90, 70, and 25/27 band densities relative to tubulin loading controls were 5-, 58-, and 2.5-fold greater (P < 0.05), respectively, in cultures subjected to HS than in parallel cultures maintained at control temperatures (data not shown).
Effect of HS on 3 H-Thymidine Incorporation Rate in PSC Cultures
Results of studies evaluating the effect of mild HS on 3 H-thymidine incorporation rate in PSC cultures are shown in Figure 3 . In these experiments, PSC were cultured for 48 h and then subjected to HS (40.5°C) for an additional 48 h, whereas parallel cultures were maintained at the control temperature. Heat-stressed PSC cultures showed a 35% decrease (P < 0.05) in 3 H-thymidine incorporation as compared with parallel cultures maintained at control temperatures (Figure 3 ).
Effect of HS on Protein Synthesis and Degradation Rates in Fused PSC Cultures
Results of studies assessing the effect of mild HS on protein synthesis and protein degradation rates in fused PSC cultures are shown in Figures 4 and 5 . At 120 h in culture, cells were subjected to HS (40.5°C) for 48 h, whereas parallel cultures were maintained at the control temperature. Figure 4 shows that protein synthesis rates in cultures subjected to HS and incubated in serum-free medium containing 25 ng of LR3-IGF-1/ mL were 85% greater (P < 0.05) than those in parallel cultures maintained at the control temperature. Protein degradation rates in fused PSC cultures subjected to HS and incubated in DMEM containing 1% SSS plus 25 ng of LR3-IGF-1/mL were 23% less (P < 0.05) than degradation rates in parallel cultures maintained at the control temperature ( Figure 5 ).
DISCUSSION
It is well established that HS negatively affects growth rate in swine (McGlone et al., 1987; Spencer et al., 2005; Zumbach et al., 2008a,b; Kim et al., 2009) . Although reduced feed intake undoubtedly plays a significant role in the effects of HS on growth rate, our current results indicate that mild HS also affects the physiology of cultured porcine muscle satellite cells. This is potentially important because of the crucial role satellite cells play in postnatal muscle growth. The number and size of the muscle fibers (cells) present in muscle tissue play a significant role in determining the rate and efficiency of muscle growth and feed conversion. The muscle fiber number in meat-producing animals is essentially fixed at birth and is determined prenatally by a complex interaction of proliferation and differentiation of embryonic myogenic cells . The source of the nuclei needed to support fiber hypertrophy is mononucleated myogenic cells, satellite cells that fuse with existing muscle fibers and provide the nuclei required for postnatal fiber growth (Moss and Leblond, 1971; Campion, 1984) . Thus, the proliferation and differentiation of satellite cells play crucial roles in determining the rate and efficiency of muscle growth. The rate and efficiency of muscle growth are also significantly affected by the balance between muscle protein synthesis and degradation rates. More rapid Effect of heat stress (HS) on heat shock protein (Hsp) content in porcine satellite cell (PSC) cultures. Control (Con) cultures maintained at 37.5°C and HS cultures incubated at 40.5°C between 48 and 96 h in culture were lysed in lysis buffer (150 mM NaCl, 1% NP40, 0.25% deoxycholate, 50 mM Tris-HCl, pH 7.5, 1 mM ethylene glycol tetraacetic acid, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium vanadate, 1 mM sodium fluoride, and 1× protease inhibitor cocktail). Tubulin was used as a loading control and 14 μg of cell lysate was loaded in each well. Heat shock protein 25/27, 70, and 90 band densities relative to tubulin loading controls were 2.5-, 58-, and 5-fold greater, respectively, in cultures subjected to HS than in parallel cultures maintained at control temperatures (data not shown). Data are representative of results obtained in 3 separate assays. Each assay contained cells obtained from a different pig.
rates of synthesis coupled with decreased degradation rates result in an increased rate and efficiency of muscle growth. Consequently, we assessed the effects of mild HS (40.5°C for 48 h) on rates of proliferation, protein synthesis, and protein degradation in PSC cultures. This temperature was approximately 1°C above the core body temperature of a pig (39.3 to 39.6°C) and is within the range of rectal temperatures observed in studies on pigs subjected to HS (Stombaugh et al., 1973; Huynh et al., 2005; Liu et al., 2009; Yu et al., 2010) . Control cultures were maintained at 37.5°C rather than 39.3 to 39.6°C because 37.5°C is the temperature at which the porcine myogenic cell culture has typically been done in our laboratory and in the laboratories of others. Consequently, we have a significant amount of data showing how cells behave at this temperature. Even though our control cultures were maintained at a temperature lower than the normal core body temperature of a pig, we believe our data substantiate the view that an increased temperature has the potential to significantly affect muscle satellite cell physiology.
Studies in several species and tissues have shown that HS results in an accumulation of Hsp in cells (Welch, 1992) . Consequently, the increase in Hsp mRNA and Hsp protein observed in PSC cultures subjected to HS establishes that the temperatures used in this study were sufficient to cause an HS response in the PSC cultures. In addition to verifying the HS response, the increase in Hsp was significant because this family of proteins plays a crucial role in facilitating the response of muscle cells to various forms of stress, including HS. Initially, Hsp were identified as molecular chaperones that directed movement of newly synthesized proteins within the cell; however, it is now believed that Hsp also are involved in cell signaling (Calderwood et al., 2007; Csermely et al., 2007) and in regulating the immune response (Johnson and Fleshner, 2006; Chen et al., 2007) . Additionally, overexpression of a single Hsp protects cardiac muscle from ischemia-reperfusion injury (Marber et al., 1995; Plumier et al., 1995; Radford et al., 1996; Efthymiou et al., 2004) and protects skeletal muscle from contraction-induced injury (McArdle et al., 2004) . Heat shock protein 90 is known to be essential to the survival of differentiating C2C12 myoblasts (Yun and Matts, 2005) , a muscle satellite cellderived myogenic cell line. Consequently, the increased Hsp observed in PSC cultures subjected to HS may play a crucial role in the response of these cells to HS. It should be noted that the apparent increase in Hsp70 protein in PSC cultures subjected to HS relative to control PSC cultures is much greater than the increase in Hsp70 mRNA abundance in these cultures. This result confirms reports that Hsp abundance may be influenced by alterations in their rate of degradation, as well as changes in mRNA expression (Kayani et al., 2008) . M insulin plus 25 ng of LR3-IGF-1/mL (an IGF-1 analog that binds normally to the type-I IGF-I receptor but has little or no affinity for IGFBP). After 3 h of incubation, 3 μCi of Our current results showing that HS increases the rate of protein synthesis while decreasing the proliferation rate and protein degradation rate in PSC cultures suggest that HS causes changes in satellite cell physiology that could affect the rate and extent of muscle growth. The decreased proliferation rate is consistent with the reduced growth rate observed in swine subjected to HS. In contrast, the HS-induced increase in protein synthesis rate and the decrease in protein degradation rate in fused PSC cultures are not consistent with the decreased growth observed in swine subjected to HS. It remains to be determined how these in vitro changes in protein turnover are related to in vivo changes in growth resulting from HS. However these results are consistent with a report that Hsp25/27 suppresses the activity of nuclear factor (NF) κB in skeletal muscle in vivo, causing inhibition of muscle ring-finger protein-1 and atrogin-1, and attenuation of atrophy caused by skeletal muscle disuse (Dodd et al., 2009) .
Numerous in vivo and in vitro studies in laboratory animals and other nonswine species also have shown that HS affects satellite cell physiology. For example, exposure of young chickens to thermal stress reportedly results in an immediate increase in muscle satellite cell DNA synthesis in vivo and in vitro (Halevy et al., 2001 ). On d 5 after HS, muscle regulatory factor levels were significantly increased, and on d 6, satellite cell proliferation rates in heat-stressed chicks were less than those in control chicks (Halevy et al., 2001) . These data suggest that satellite cell differentiation rates in heat-stressed chicks may have been accelerated. Additionally, young chickens subjected to HS also showed a significant increase in muscle IGF-1 in breast muscle, with no significant increase in plasma IGF-1 concentration (Halevy et al., 2001) . In another study, mild HS (39°C for 48 h) caused a 2.7-fold increase in Hsp70 and an increase in the quantity of myosin heavy chain type I (slow isoform) in cultured human satellite cells and in the C2C12 murine muscle cell line (Yamaguchi et al., 2010) , suggesting that HS causes a shift from fast to slow fiber type in these cells. Similarly, HS prevents the slow to fast transformation that normally occurs in atrophying skeletal muscle (Takeda et al., 2009 ). In contrast, muscle from heat-stressed rats (core temperature maintained at 42°C for 15 m) showed decreased total protein and myosin heavy chain type I levels compared with the same muscles from control animals (Frier and Locke, 2007) .
In summary, our data show that mild HS affects PSC physiology in ways that are very likely to affect the contribution of satellite cells to postnatal muscle growth. These data justify further investigation into the mechanisms by which HS affects rates of proliferation, protein synthesis, and protein degradation in PSC. H-phenylalanine and the incubator temperature was increased to 40.5°C for cultures subjected to HS (Heat Stressed). Parallel control cultures were maintained at 37.5°C (Control). All subsequent treatments for cultures subjected to HS or control cultures were done at these temperatures. At 144 h, label was removed and cells were subjected to a 4-h chase in Dulbecco's modified Eagle medium (DMEM) containing 1% IGFBP-3-free swine serum [SSS; prepared by passing sera obtained from 6-wk-old male pigs castrated within 1 wk of birth through an IGFBP-3 immunoaffinity column ] and 2 nM cold phenylalanine. At the end of this incubation, the chase media were removed, the cells were washed, and test media consisting of DMEM containing 1% SSS plus 25 ng of LR3-IGF-1/mL (an IGF-1 analog that binds normally to the type-I IGF-I receptor but has little or no affinity for IGFBP) were added to the cultures and incubation was continued for an additional 24 h. Percentage protein degradation was determined as described in the Materials and Methods section. Protein degradation rates in the control cells and cells subjected to HS were different (P < 0.05). Data are from a single assay containing triplicate determinations and are representative of results obtained in 3 separate assays. Each assay contained cells obtained from a different pig.
